I n 2004, there were an estimated 147,000 new cases of colorectal carcinoma (CRC) and 57,000 deaths from this disease, ranking it third among causes of cancer-related death in the United States. 1 Significant advances in systemic therapy for metastatic CRC, including targeted therapies, have improved survival, but even with combination therapy the median survival is only about 15 to 21 months. 2, 3 To continue to improve our therapies for metastatic CRC, we need a better understanding of the factors that lead to tumor progression and metastasis. In particular, the mechanisms regulating CRC cell invasion through the basement membrane of the colon and migration of the cells to form metastases need to be further investigated.
Insulinlike growth factor-I (IGF-I) and its tyrosine kinase receptor (IGF-IR) have been implicated in the development and progression of a variety of human cancers, 4 -12 including CRC. [13] [14] [15] IGF-I has been shown to be an important mediator of tumor cell migration and invasion, 16 -20 but the downstream pathways by which IGF-I induces these processes have not been fully elucidated. Hepatocyte growth factor/scatter factor (HGF) and its tyrosine kinase receptor c-Met have also been implicated in the pathogenesis of a wide variety of human malignancies, [21] [22] [23] [24] [25] including CRC. 26 Similar to IGF-I, HGF/c-Met signaling is known to induce tumorcell migration and invasion. 11, 25, [27] [28] [29] [30] Recently, cooperation between receptors and their signaling pathways has been shown to be important in regulating cellular responses to various ligands. We theorized that IGF-IR and c-Met cooperate in mediating migration and invasion of human CRC cells, given the following findings. First, IGF-I and HGF lead to activation of the urokinase plasminogen activator (uPA)/uPA receptor (uPAR) system in various malignancies. 4, 11, 17, 27, 31, 32 This is central to our hypothesis in that uPA has been shown to cleave pro-HGF to active HGF. 33 Second, IGF-I signaling results in induction of hypoxia inducible factor-1␣ in pancreatic carcinoma cells, 10 and hypoxia, likely acting via hypoxia inducible factor-1␣, has been shown to increase c-Met levels in human lung, hepatocellular, and other carcinomas. 34 Third, growth factor receptor-binding protein 2-associated binder-1 functions as the main substrate and docking protein regulating downstream signaling by c-Met and has been shown to function as a signaling intermediate for IGF-I as well. 35 Fourth, IGF-I and HGF have been shown to function as comitogens in a rat hepatoma cell line. 36 In the current study, we investigated the hypotheses that IGF-IR and c-Met cooperate to mediate migration and invasion of human CRC cells and that uPA/uPAR activation is required for IGF-I-and HGF-mediated migration and invasion. We used a c-Met ribozyme to inhibit c-Met function in KM12L4 human CRC cells and performed transwell migration and invasion assays. The c-Met ribozyme experiments demonstrated that c-Met function is critical for IGF-Imediated cell migration and invasion and for constitutive invasion. In experiments inhibiting uPA or uPAR, we demonstrated that migration and invasion mediated by IGF-I and HGF are dependent on uPA/uPAR activation. This suggests that uPA and uPAR are downstream of IGF-I and IGF-IR and of HGF and c-Met. To our knowledge, this study is the first to identify tyrosine kinase receptor cooperation between IGF-IR and c-Met in human CRC and the role of uPA/uPAR in mediating IGF-I and HGF/c-Met effects.
MATERIALS AND METHODS

Cell Lines and Cell Culture Conditions
The human CRC cell line KM12L4 37 was kindly provided by I. J. Fidler, PhD, DVM (The University of Texas M. D. Anderson Cancer Center, Houston, TX). Cells were cultured and maintained in minimal essential medium (MEM) supplemented with 10% fetal bovine serum (FBS), 2 units/ mL of a penicillin-streptomycin mixture (Flow Laboratories, Rockville, MD), vitamins (Life Technologies, Inc., Grand Island, NY), 1 mM sodium pyruvate, 2 mM L-glutamine, and nonessential amino acids and incubated in 5% CO 2 -95% air at 37°C.
Transwell Migration and Invasion Assays
To assess cell migration in vitro, KM12L4 cells (1.5 ϫ 10 5 cells in 500 L MEM supplemented with 1% FBS) were placed in the top chamber of transwell migration chambers (8-m BioCoat Control Inserts; Becton Dickinson Labware, Bedford, MA). The lower wells were filled with 750 L MEM supplemented with 10% FBS plus one of the following: (1) phosphate-buffered saline (PBS), (2) 100 ng/mL recombinant human IGF-I (R&D Systems, Minneapolis, MN), (3) 100 ng/mL recombinant human HGF (R&D Systems), or 4) 100 ng/mL IGF-I ϩ 100 ng/mL HGF. After 48 hours, unmigrated cells were removed from the upper surface of the transwell membrane with a cotton swab, and migrated cells on the lower membrane surface were fixed, stained, photographed, and counted under high-power magnification.
To assess invasion, in vitro invasion assays were performed under the same conditions as the transwell migration assays but using Matrigel-coated transwells (BioCoat Matrigel Invasion Chamber; Becton Dickinson Labware).
c-Met Ribozyme-Expressing Adenovirus
The c-Met ribozyme, designed to inhibit c-Met expression, was constructed by Abounader et al. 38 The c-Met ribozyme contains U1snRNA, c-Met antisense sequence, and a hammerhead ribozyme that targets c-Met mRNA at residue 560. The control plasmids lack the ribozyme and the c-Met targeting sequence but contain the U1snRNA and other plasmid sequences. An adenovirus expressing the 560 ribozyme (ad-c-Met ribozyme) and a control adenovirus (ad-pU1) were constructed, and the viruses were harvested and purified as described previously. 26 
Western Blot Analysis for c-MET
To determine the impact of the c-Met ribozyme, total c-Met protein levels were measured by Western blot analysis. KM12L4 cells at 80% confluence were infected with ad-c-Met ribozyme or ad-pU1 (control) at 50 multiplicities of infection. After 24 hours, cells were lysed with lysis buffer (50 mM HEPES (pH 7.0), 150 mM NaCl, 1.5 mM MgCl 2 , 1 mM EDTA, 10 mM sodium pyrophosphate, 10% glycerol, 1% Triton X-100, 1 mM sodium orthovanadate, and 1 complete Mini Protease Inhibitor Cocktail Tablet ͓Roche Diagnostics, Basel, Switzerland͔). The proteins (50 g) were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a polyvinylidene difluoride membrane (Immobilon-P Transfer Membrane; Millipore Corp, Bedford, MA). Following blocking with 5% milk in Tris-buffered saline/0.1% Tween 20 (vol/vol), the membrane was probed with anti-c-Met antibody (1:1000 in 5% milk; met (C-28; Santa Cruz Biotechnology, Santa Cruz, CA). The membrane was then washed and treated with horseradish peroxidase-conjugated goat antirabbit immunoglobulin G (IgG; Bio-Rad Laboratories, Hercules, CA) at 1:3000 in 5% milk. Immunoreactive proteins were visualized with an enhanced chemiluminescence detection kit (Amersham Biosciences, Little Chalfont, England). ␤-actin (Sigma-Aldrich Co, St. Louis, MO) was used for loading control.
c-Met Immune Complex Kinase Assay
A c-Met immune complex kinase assay was performed as described previously. 39, 40 Briefly, c-Met was immunoprecipitated from 500 g total cellular protein in 500 L lysis buffer (detailed above) with 1 g anti-c-Met antibody and rotated at 4°C for 12 hours. Immune complexes were formed with the addition of 50 L of 10% (vol/vol) formalin-fixed Staphylococcus aureus (Pansorbin; Calbiochem, San Diego, CA) and rotated at 4°C for 4 hours. Kinase reactions were initiated at room temperature with the addition of kinase reaction buffer (20 mM HEPES, 100 M sodium orthovanadate, 10 mM MnCl 2 , 10 mM MgCl 2 , and 10 Ci ͓␥-32 P͔ ATP). To analyze phosphorylation of an exogenous substrate, 10 g acid-denatured rabbit muscle enolase (Sigma-Aldrich Co) was added to the reaction buffer. After 10 minutes, reactions were terminated by the addition of SDS sample buffer. Proteins were separated by 8% SDS-PAGE, the gel was dried, and radioactive bands were detected by autoradiography.
uPA and uPAR Inhibition
The uPA inhibitor amiloride 41 (Sigma-Aldrich Co) was added to KM12L4 cells in the upper chamber of the transwells at 100 M to study the effect of uPA inhibition on migration and invasion. To confirm the results obtained with amiloride, migration and invasion assays were performed with specific blocking anti-uPA and anti-uPAR antibodies, using isotype-controlled, nonspecific IgG as a control (all supplied by Andrew Mazar, PhD; Attenuon, LLC, San Diego, CA). The anti-uPA antibody, anti-uPAR antibody, or IgG was added to cells in the upper chamber of the transwells at 10 ng/mL.
Cell Proliferation as Measured by MTT Assay
MTT assays were performed to evaluate the cell proliferative effects of IGF-I, HGF, and IGF-I ϩ HGF on KM12L4 cells and assure that any increase in migration or invasion was not simply due to an increase in cell number. Cells (1.5 ϫ 10 5 ) were plated in 96-well plates in 1% FBS-containing MEM (initial conditions in upper chamber of transwells) or 6% FBS-containing MEM (representing equilibrated conditions in transwells), and PBS, IGF-I, HGF, or IGF-I ϩ HGF was added to achieve a final concentration of 100 ng/mL. Assays were performed in quadruplicate. After 48 hours, MTT (Sigma-Aldrich Co) was added at 2 mg/ml in PBS (50 L/well) then plates were incubated at 37°C for 2 hours. Media and MTT were removed, dimethyl sulfoxide was added for 10 minutes, and absorbance was measured at 570 nm. MTT assays were also performed with the ad-c-Met ribozyme-infected cells and the control ad-pU1-infected cells to evaluate the effect of the c-Met ribozyme on cell proliferation and with cells treated with or without the uPA inhibitor amiloride to evaluate its effect on cell proliferation. For each of the MTT assays, the cells were kept under the same culture conditions, plated at the same cell density, and treated for the same time period with the same dose of IGF, HGF, or amiloride to replicate the conditions of the migration and invasion assays.
Statistical Analyses
Statistical analyses were performed using InStat version 3.01 software (GraphPad Software Inc, San Diego, CA). The significance of differences was determined using the Mann-Whitney U test and Student t test, as appropriate. Significance was determined with 95% confidence.
RESULTS
Effect of IGF-I and HGF on Cell Migration and Invasion
To evaluate the effect of IGF-I and HGF on KM12L4 cell migration, a transwell migration assay was performed. IGF-I led to a 17.5-Ϯ 2.3-fold increase in cell migration (P Ͻ 0.005 versus PBS), and HGF led to an 11.0-Ϯ 2.2-fold increase in cell migration (P Ͻ 0.005 versus PBS; Fig. 1 ). IGF-I ϩ HGF led to a 29.5-Ϯ 2.4-fold increase in cell migration (P Ͻ 0.0001; Fig. 1 ), which was significantly greater than the increase with IGF-I or HGF alone (P Ͻ 0.01).
The effect of IGF-I and HGF on KM12L4 cell invasion was evaluated utilizing a Matrigel-coated transwell invasion assay. IGF-I led to a 1.8-Ϯ 0.1-fold increase in cell invasion (P Ͻ 0.05 versus PBS), and HGF led to a 2.5-Ϯ 0.2-fold increase in cell invasion (P Ͻ 0.005 versus PBS; Fig. 2 ). IGF-I ϩ HGF led to a 3.0-Ϯ 0.3-fold increase in cell invasion (P Ͻ 0.005 versus PBS; Fig. 2 ), which was significantly greater than the increase with IGF-I alone (P Ͻ 0.01).
To demonstrate that the increases in cell migration and invasion were not due to increases in cell proliferation induced by IGF-I and HGF, an MTT assay was performed, with the KM12L4 cells treated with PBS, IGF-I, HGF, or IGF-I ϩ HGF. There was no increase in cell proliferation in any of the groups (data not shown).
Effect of c-Met Inhibition on Cell Migration and Invasion
To test the hypothesis that c-Met function is required for IGF-I-mediated migration and invasion, c-Met was downregulated with a ribozyme. The ad-c-Met ribozyme resulted in a 15% decrease in total c-Met protein levels compared with the control (ad-pU1; Fig. 3 ). However, in previous studies, we had observed that a relatively small decrease in protein levels leads to a pronounced effect on kinase activity. 26 Therefore, we determined the effect of the ribozyme on intrinsic c-Met kinase activity utilizing an immune complex kinase assay. The ad-c-Met ribozyme decreased c-Met kinase activity by 80% compared with the control (ad-pU1; Fig. 3 ). These data again demonstrated that a modest reduction in c-Met expression levels leads to substantially reduced c-Met function. An MTT assay demonstrated that the ad-c-Met ribozyme did not change cell proliferation relative to the ad-pU1 control (data not shown).
Inhibition of c-Met with the ad-c-Met ribozyme led to a 96% Ϯ 4% decrease in HGF-mediated migration (P Ͻ 0.005 versus ad-pU1; Fig. 4 ). This finding confirmed the effect of the ribozyme on c-Met activity because HGF signals through the c-Met receptor and is known to mediate migra-tion and invasion. The ribozyme also inhibited IGF-I-mediated migration (97% Ϯ 3% decrease versus ad-pU1; P Ͻ 0.005) and migration mediated by IGF-I ϩ HGF (P Ͻ 0.005 Fig. 4 ). Thus, c-Met activity is required for IGF-I-and HGF-mediated migration and invasion. The ribozyme did not inhibit migration in the PBS-treated cells, suggesting that c-Met activity is not required for constitutive cell migration. The ad-c-Met ribozyme also led to a 93% Ϯ 7% decrease in HGF-mediated invasion (P Ͻ 0.05 versus ad-pU1), a 91% Ϯ 9% decrease in IGF-I-mediated invasion (P Ͻ 0.05 versus ad-pU1), and an 89% Ϯ 7% decrease in invasion mediated by IGF-I ϩ HGF (P Ͻ 0.05 versus ad-pU1; Fig. 5 ). Thus, IGF-I and HGF appear to mediate cell invasion via a c-Met-dependent pathway. Furthermore, c-Met appears to be necessary for constitutive cell invasion since the ribozyme led to an 82% Ϯ 12% decrease in invasion in the PBS-treated control group (P Ͻ 0.05 versus ad-pU1; Fig. 5 ).
Roles of uPA and uPAR in Cell Migration and Invasion
To determine the role of uPA in cell migration and invasion, we pretreated cells with the uPA inhibitor amiloride and then stimulated them with PBS (control), IGF-I, HGF, or IGF-I ϩ HGF in transwells. Amiloride led to a 47% Ϯ 10% decrease in migration of IGF-I-treated cells (P Ͻ 0.05 versus control), a 79% Ϯ 7% decrease in migration of HGF-treated cells (P Ͻ 0.0001 versus control), and a 49% Ϯ 7% decrease in the migration of IGF-I ϩ HGF-treated cells (P Ͻ 0.0001 versus control; Fig. 6 ). Thus, IGF-I-and HGF-mediated cell migration are dependent on uPA.
IGF-I-mediated cell invasion was almost completely inhibited by amiloride (94% Ϯ 6% decrease, P Ͻ 0.005 versus control; Fig. 7 ). Amiloride also led to a 70% Ϯ 9% decrease in HGF-mediated invasion (P Ͻ 0.005 versus control) and an 80% Ϯ 8% decrease in IGF-I ϩ HGF-mediated invasion (P Ͻ 0.001 versus control; Fig. 7 ). This experiment demonstrated that uPA is required for IGF-I-and HGFmediated cell invasion.
To confirm the role of uPA in IGF-I-mediated cell migration and invasion, we pretreated cells in transwells with neutralizing antibodies to uPA or uPAR and then treated the cells with IGF-I (or PBS as a control). Nonspecific isotypecontrolled IgG was used as a negative control, and amiloride was used as a positive control. The increase in migration induced by IGF-I, compared with PBS, was unaffected by pretreatment with nonspecific IgG (Fig. 8) . The positive control, amiloride, led to a 92% Ϯ 8% decrease in IGF-Imediated cell migration (P Ͻ 0.005 versus IgG; Fig. 8 ). The anti-uPA antibody inhibited IGF-I-mediated migration by 85% Ϯ 10% (P Ͻ 0.005 versus IgG), and the anti-uPAR antibody inhibited IGF-I-mediated migration by 92% Ϯ 8% (P Ͻ 0.005 versus IgG; Fig. 8 ). This experiment demonstrated that IGF-I-mediated cell migration is dependent on uPA/uPAR signaling. The anti-uPA and anti-uPAR antibodies had a similar effect on IGF-I-mediated cell invasion. The positive control, amiloride, led to a 75% Ϯ 13% decrease in IGF-I-mediated invasion (P Ͻ 0.05 versus IgG), the uPA antibody inhibited IGF-I-mediated invasion by 75% Ϯ 8% (P Ͻ 0.05 versus IgG), and the uPAR antibody inhibited IGF-I-mediated invasion by 85% Ϯ 8% (P Ͻ 0.01 versus IgG; Fig. 9 ). This experiment demonstrated that IGF-I-mediated cell invasion is also dependent on uPA/uPAR signaling.
DISCUSSION
Tumor cell migration and invasion are 2 critical steps in the metastatic cascade. CRCs have been shown to overexpress IGF-IR, [42] [43] [44] c-Met, 45 and uPAR. 46 -49 These factors are known to mediate cell migration and invasion, but the influence of any one factor on the activity of another is unknown. We hypothesized that IGF-IR and c-Met cooperate to mediate CRC cell migration and invasion and sought to determine the role of uPA/uPAR in this pathway.
In this study, we found that IGF-I and HGF cooperated to induce migration and invasion of human CRC cells. Both IGF-I and HGF, alone and in combination, significantly increased cell migration and invasion. In the ad-c-Met ribozyme experiments, c-Met was required not only for HGFmediated migration and invasion (as expected) but also for IGF-I-mediated migration and invasion. Inhibition of IGF-Iand HGF-mediated migration and invasion by the uPA inhibitor amiloride or by neutralizing antibodies to uPA and uPAR indicated that uPA and uPAR were essential to the processes. Thus, c-Met appears to be downstream of IGF-IR, and uPAR appears to be downstream of both IGF-IR and c-Met in this signaling pathway (Fig. 10 ).
Our finding that IGF-I induces migration and invasion of human CRC cells has been reported by others. 50 -52 However, the link between IGF-I and uPAR in CRC is new. Our finding that HGF increases cell migration and invasion is well documented in the literature. [53] [54] [55] However, to our knowledge, this study is the first to demonstrate cooperation between IGF-IR and c-Met in any malignancy. IGF-IR and c-Met may cooperate via interaction of their signaling pathways. Cooperation of cell surface receptors has been shown between the tyrosine kinase receptor RON and epidermal growth factor receptor, 56 IGF-IR and epidermal growth factor receptor, 57 estrogen receptor and IGF-IR, 58 and G protein-coupled receptors and IGF-IR. 59 Although cooperation between IGF-IR and c-Met signaling is the most likely explanation for our findings, an alternative explanation could be that HGF/c-Met signaling is a critical downstream regulator of CRC cell migration and invasion. This seems plausible since HGF (initially termed scatter factor) [60] [61] [62] was originally identified as a factor converting Madin-Darby canine kidney cells into migratory fibroblasts, 63,64 a process dependent on epithelialmesenchymal transition. 65 Epithelial-mesenchymal transition is now known to be a key process in cell motility, and its regulation by HGF/c-Met may be a critical downstream step in CRC migration and invasion. In addition to demonstrating cooperation between IGF-IR, c-Met, and uPAR, we have validated these 3 factors as targets for CRC therapy. IGF-IR-directed therapy is currently being investigated extensively in clinical trials. In preclinical studies by our laboratory (unpublished data) and in studies from other laboratories, IGF-IR inhibition has led to decreased growth of human CRCs. 13, 14 c-Met inhibitors have not been investigated in clinical trials at the time of the writing of this manuscript. Thus, c-Met-directed therapy represents an underdeveloped area and needs to be further explored. Similarly, uPAR inhibition has not been studied in clinical trials and warrants additional investigation.
In conclusion, our study better defines the roles of IGF-IR, c-Met, and uPAR in CRC cell migration and invasion. Elucidation of the pathways that contribute to tumor progression and metastasis should provide a foundation for the rational development and use of targeted therapies for CRC.
Discussions
DR. WILLIAM G. CANCE (GAINESVILLE, FLORIDA): Dr. Ellis's group has performed pioneering work in the areas of insulinlike growth factor receptors and their translational aspects in cancer. This is a very significant study because it provides clues to the methods by which tumors invade and metastasize, and this ultimately will lead to the development of novel therapeutics.
As Dr. Ellis has shown, it is naive to think that one signaling pathway in a tumor is going to be able to be inhibited and kill the tumor itself. There will be a convergence of multiple different pathways and probably selection of different pathways within resistant tumor cells that we need to dissect in order to develop drugs for the next generation of therapeutics.
To take our surgical craft to the next level, we must define these translational aspects of human tumors. As we already have heard at the meeting, we can resect most any tumor, but it is the recurrence that causes the problem that ultimately kills the patient. In gastrointestinal tumors, our drugs simply don't work very well. So I have several questions and comments.
You have described 2 novel tyrosine kinase pathways in these cells. What other signaling pathways are operative? Src has been described by your group in colon cancer. Is the IGF-I receptor/Met axis more important than Src? This leads to the question of molecular profiling. Are we getting to a point where you can dissect and profile individual tumors to design a therapy that targets the most significant pathways in individual tumors?
What are your plans on combining different therapeutics? You mentioned downstream pathways of uPAR, which is an outstanding target. What about c-Met and IGF-I receptor? Are there inhibitors for c-Met other than your hammerhead ribozyme? Should you target the ligand or should you target the receptor?
Finally, you touched on the issue of tumor survival as separate from tumor invasion and metastasis. The tumor cells can be resistant to apoptosis via pathways that affect survival, whereas other pathways in the same tumor may affect invasion metastasis, as you have shown. Do you have any evidence for cross-talk of these 2 pathways for invasion and metastasis and for resistance to apoptosis and survival? DR. CRAIG L. SLINGLUFF, JR. (CHARLOTTESVILLE, VIR-GINIA) : We are in the early days of a revolution in cancer therapy, with the advent of new targeted molecular therapies for cancer. There are exciting opportunities to develop targeted therapies against common solid tumors based on understanding the molecular pathways for cell signaling that are critical for the lethal events of cell migration and metastasis.
In the present paper, Dr. Bauer, Dr. Ellis, and colleagues have elucidated new aspects of the pathways critical for migration and metastasis in colorectal cancer cells. They are to be congratulated for a clear and definitive manuscript that will contribute to advancement in this field. I thank them for providing me with a full manuscript in advance of the meeting for my review. I do have 3 questions.
The first is a technical question. I noticed in the manuscript that the media that were used for these assays include fetal bovine serum, and I wondered whether there is a possibility of IGF-I or hepatocyte growth factor being in that medium. Is there a way to control for that?
Second, the studies presented here were performed in a single human cell line of human colorectal cancer. They stated in the introduction and in some of the early slides here that IGF-I and HGF have been implicated in the path in colorectal cancer. Pathogenesis is unclear how generalizable these findings are. Malignant cells are notorious for their heterogeneity both within individuals and between individuals in the suppression of cellular receptors and in their dependence on certain signaling pathways. Can the authors define the proportion of colorectal cancers that express IGF-I receptor and c-Met and whether anything is known about the cooperation of these molecules in either other cancer cell lines or in fresh tumor tissue?
The last question is that the prospect of inhibiting these pathways for therapeutic potential is appealing; however, there are concerns about how to apply agents for these pathways. Since we generally believe that micrometastases have established themselves years before they are clinically evident and may well be in place at the time of original diagnosis, what is the prospect for interfering with the processes of invasion of metastasis in patients with colorectal cancer in a timely fashion before they occur? DR. W. ROY SMYTHE (TEMPLE, TEXAS): I would like to congratulate Drs. Ellis and Bauer on a fine presentation and continued excellent work in translational biology as it pertains to surgical oncology. I would like to ask 1 question that Dr. Cance touched on but in a bit more discreet fashion.
As you know, the problem for adult solid tumors is that 40% to 70% of patients that present, present with metastatic disease. Therapies that are directed at metastasis only may not be as effective as those that target both survival and metastasis.
Receptor tyrosine kinases activate a number of transcription factors, which then obviously activate a number of other processes in the cell, including those that involve cell survival. Are the common transcription factors that IGF and HGF activate that may then in turn activate uPAR and would provide a better target for therapies designed to address this work?
DR. COURTNEY M. TOWNSEND, JR. (GALVESTON, TEXAS): I would like to ask 2 questions. One, how do you know that the ribozyme directed against c-MET had no effect on the IGF-I receptor? Two, what is the relevance of this in vitro assay to in vivo invasion and metastasis? DR. TODD W. BAUER (HOUSTON, TEXAS): I would like to thank the discussants for their insightful and interesting comments and questions. I will try to address these in order.
Dr. Cance asked whether additional pathways might be involved by downstream signaling from these receptors; in particular, he questioned whether the Src pathway might be involved. In fact, the IGF-I receptor, c-Met, and uPAR have all been shown to increase Src signaling, which is known to be a promigratory factor. The question then was raised, could we then better inhibit cell migration knowing this? It is our belief that by targeting multiple pathways rather than a single pathway, one can achieve better inhibition of tumor growth and metastases.
Dr. Cance also asked if there were inhibitors for c-Met and whether it made more sense to target the ligand, HGF, or target the receptor. Historically, c-Met has been difficult to selectively inhibit. However, in the past year there has been a report demonstrated that the c-Met receptor itself is likely functioning independent of HGF as a promigratory factor. Dr. Cance also questioned whether cell survival pathways might be involved with these factors in addition to promigratory or proinvasive pathways. We do believe that these factors all contribute to cell survival.
Indirect evidence of a role of the uPAR receptor in initiating cell survival is very well supported by some of Dr. Cance's work. He has nicely characterized the role of focal adhesion kinase, or FAK, as an anti-apoptotic factor in cells. In addition, it has been demonstrated that uPAR activates FAK signaling, and this would provide indirect evidence that uPAR is a pro-survival factor.
In our laboratory we have also investigated these signaling pathways in a human pancreatic carcinoma cell line. In an orthotopic model of human pancreatic carcinoma, we treated mice with a uPAR inhibitory antibody and demonstrated that the antibody inhibited primary tumor growth by inhibiting tumor cell proliferation, inhibited tumor invasion into the retroperitoneum, and inhibited metastasis to the liver.
Dr. Slingluff noted that the media we used contained fetal bovine serum and he questioned whether this contained small amounts of IGF or HGF. Yes, FBS does contain both of these. We felt this was probably a good replication of the tumor microenvironment. We were studying the effect of addition off a growth factor at much higher concentration, relative to the levels of these factors in FBS.
Dr. Slingluff asked how generalizable our findings were, ie, "Is this only specific to the one tumor cell line we examined? Is this signaling pathway occurring in other cell lines?" Every single colon carcinoma cell line we have tested in our laboratory expresses both the IGF-I receptor and c-Met. We investigated this in a human pancreatic carcinoma cell line, and we have obtained similar results.
Dr. Slingluff asked, "knowing what we know about these signaling pathways, how might we apply this clinically? When in the tumor growth cascade would we apply this therapy?" I think our in vitro data need to be supported by further in vivo studies. Some of our preliminary in vivo work suggests that targeting the uPAR is likely more effective than targeting the c-Met pathway or the IGF-I receptor pathway. Using this as an adjunctive therapy to inhibit tumor recurrence and the outgrowth of micrometastases is an area that warrants further study.
Dr. Smythe then asked whether or not there were likely common downstream pathways which could be targeted to more effectively inhibit cell growth and tumor metastasis. I believe that we have demonstrated that the uPAR pathway is downstream of both the IGF-I receptor and c-Met. FAK and Src are important signaling pathways downstream of uPAR and are good candidates, to address Dr. Smythe's inquiry.
Last, Dr. Townsend asked how we knew that the ribozyme was specifically inhibiting the c-Met receptor and not the IGF-I receptor. That work has been borne out in the preliminary studies that characterized this ribozyme, where the ribozyme was shown to be specific for the c-Met receptor (Abounader et al. JNCI. 1999; 91:1548 -1556 . The ribozyme RNA consensus sequence does not share homology with the IGF-I receptor. Thank you.
